Ll mRNA levels also increased in NGF-treated mutant PC12 cells (PC12nnr5) that lack the high-affinity NGF receptor. The effect of NGF on Ll mRNA was greatest in cells cultured at high density, but its effect on cells cultured at low density was augmented by antibody to Ll (to mimic Ll homophilic binding).
Various extracellular matrix components had no differential effects on Ll mRNA levels in either the presence or absence of NGF. Together, these findings suggest that NGF regulates Ll expression by a mechanism that is independent of the highaffinity NGF receptor and that this regulation is modulated by cell-cell contact but not by cell-extracellular matrix interactions.
[Key words: neural cell adhesion molecule Ll, PC12 cells, mRNA, differentiation, NGF, culture, K252a, Neuronal gene programming is influenced by extracellular stimuli, including soluble factors and contacts with other cells or with extracellular matrix, which then act through intracellular signals including phosphorylation and second-messenger generation. Nerve growth factor (NGF) is one extracellular stimulus that plays essential roles in the development of both the CNS and PNS (Levi-Montaltini, 1987) . Two receptors that bind NGF have been characterized: a high-affinity receptor, gp1401rk, the product of the proto-oncogene trk (Kaplan et al., 1991a,b; Klein et al., 1991) , and a low-affinity receptor, p75LNGFR (Chao et al., 1986; Radeke et al., 1987) . In general, effects of NGE which include survival and morphological differentiation of peripheral neurons, including sensory and sympathetic neurons (Levi-MonRecei ved May 20, 1994; revised Sept. 9, 1994; accepted Oct. 6, 1994. We are grateful to Dr. (Greene and Tischler, 1976) are mediated by interactions with gp140crk (Loeb et al., 1991; Hempstead et al., 1992) . One activity of NGF is its ability to increase polypeptide levels of the neural cell adhesion molecules NCAM and Ll in PC12 cells (Doherty et al., , 1988 Mann et al., 1989) . In the present study, we have focused on Ll, an integral membrane glycoprotein expressed exclusively on postmitotic neurons in the CNS and on neurons and Schwann cells in the PNS (Schachner et al., 1989) . Ll mediates neuron-neuron adhesion in a calciumindependent manner and is involved in migration of granule cells in the early postnatal cerebellar cortex (Lindner et al., 1983; Rathjen and Schachner, 1984) , fasciculation of neurites (Fischer et al., 1986) , and neurite outgrowth and neuron-Schwann cell interaction during myelin formation (Seilheimer and Schachner, 1987) . Mouse Ll is very similar in structure, function, and distribution (Bock et al., 1985; Stallcup and Beasley, 1985; Sajovic et al., 1987) to the NGF-inducible large external glycoprotein (NILE) (McGuire et al., 1978) and to chicken Ng-CAM (Grumet and Edelman, 1984) . Sequence analysis of cDNAs (Moos et al., 1988; Burgoon et al., 1991; Miura et al., 1991; Prince et al., 1991) indicates that these molecules are homologs. McGuire et al. (1978) have reported that the NGF-induced increase in NILE is selectively inhibited by the RNA synthesis inhibitor camptothecin and, hence, appears to be mediated through a transcriptional pathway. By contrast, recent studies have suggested that mRNA levels for Ll and NILE are not altered following exposure to NGF in PC12 cells (Sajovic et al., 1987; Miura et al.,'1991; Prince et al., 1991) . To understand these different results, we have carried out a thorough investigation of the conditions required for NGF induction of Ll mRNA in PC12 cells.
The experiments described here test three aspects of this regulation: (1) Does NGF regulate the level of Ll mRNA in PC12 cells? (2) Are the mechanism(s) by which NGF regulates morphological differentiation in PC12 cells identical to those by which it regulates Ll? (3) Does cell-cell or cellextracellular matrix adhesion regulate Ll expression? The results indicate that NGF affects cell morphology and Ll gene expression by distinct mechanisms. The results further suggest that cell<ell contact, involving homophilic Ll-Ll contact, but not cell-extracellular matrix contact, modulates the effect of NGF on Ll mRNA levels.
Materials and Methods
Cell culture. Rat pheochromocytoma cells (PC12), originally developed by Greene and Tischler (1976) , were the gift of Dr. K. Neet, Case Western Reserve University. These cells were maintained in a humidified 10% CO, atmosphere at 37°C in 85% Dulbecco's modified Eagle's medium containing 5% fetal calf serum, 10% donor horse serum, 100 U/ml penicillin G, 100 pg/ml streptomycin, and 250 rig/ml amphotericin B. At confluency, the cells were dislodged from the culture flask (Falcon, #3 111, Bedford, MA) by shaking and trituration and 25% of these cells were transferred into new culture flasks weekly. The culture medium was changed every 2-3 d. For total cellular RNA isolation, cells were plated on-rat tail -collagen (COL, 50 pg/ml), BSA (50 pg/ml), poly+lysine (PL, 50 kg/ml), laminin (LN, 50 pg/ml), or fibronectin (FN, 50 yg/ml)-coated 60 mm tissue culture dishes (Falcon, #3002, Bedford, MA) at 0.5-4 X lo4 cells per cm2 in serum-free, chemically defined medium consisting of DMEM/Ham's F12 (1 :I) (Sigma. St. Louis, MO) and 15 mM HEPES supplemented with progesterot'& (62 nglml), putrescine (16.1 pg/ml), selenium (39 rig/ml), insulin (10 (*g/ml), and transferrin (100 kg/ml). In some experiments, cells were cultured in suspension at 80 rpm to prevent outgrowth of neurites and adhesion to the substrate. To obtain conditioned medium, fresh medium was added to near-confluent cultures of PC12 cells and then harvested 48 hr later, centrifuged to remove debris, and stored at -20°C. To test the effects of conditioned medium, PC12 cells were grown in fresh medium for 24 hr, before replacement by medium consisting of 50% conditioned medium and 50% fresh medium. To determine the role of gpl40"*, control PC12 cells and gp14wk-negative PC12nnr5 cells (kindly provided by Dr. S. H. Green, University of Iowa) were grown in serumcontaining RPM11640 medium . Donor horse serum was purchased from JRH Bioscience (Lenexa, KS); all other media and reagents were obtained from GIBCO/BRL (Grand Island. NY).
Ool&n and cloning of a mouse LI segment. A partial Ll cDNA was obtained by PCR using adult mouse brain cDNA as template. The upstream and downstream primers were S'GACGAATTCAAAGGA-CACCATGTGC3' and 3'.CCGGTTACTGTGACCTGCGATAAAG-5', corresponding to nucleotides 70-95 and 1461-1486, respectively, of the mouse Ll cDNA sequence of Moos et al. (1989) . These primers were designed to enable cloning of IgG-like loops I to V of Ll. The resulting PCR product was approximately 1.8 kb, as expected. After digestion with EcoRI and SacI, a 1.28 kb fragment was obtained and cloned into pATH20 for production of fusion protein.
Production of antibody fo Ll. Bacterial expression and purification of the fusion protein derived from pATH20 were carried out according to the method of Koerner et al. (1991) . The fusion protein was electrophoretically eluted from a polyacrylamide gel after electrophoresis, mixed with Freund's complete adjuvant (Difco, Detroit, MI) in 10 mM Tris-HCl, pH.7.4, and 15.5 mu NaCl, and injected into New Zealand White rabbits (Charles River, Boston, MA) at a dose of 0.5 mg protein/injection. After the initial injection, rabbits were boosted five times at 3 week intervals with fusion protein (0.5 mg) mixed with Freund's incomplete adjuvant as above and bled to collect antiserum. Antiserum obtained from the rabbits injected with fusion protein was immunoaffinity purified first by positive selection on a fusion protein column and then negative selection on a TrpE protein columns. The IgG fraction was purified using Protein A Sepharose Fast Flow (Pharmacia, Piscataway, NJ). An IgG fraction from a preimmune bleed from the same rabbit was used as a control.
RNA isolation and Northern blot analysis. Total cellular RNA was isolated by the method of Chomcynski and Sacchi (1987) . For Northern blot analysis, RNA (10 pg/lane) was electrophoresed on 0.8% agarose gels containing 0.66 M formaldehyde, and capillary transferred overnight to GeneScreen Plus membrane (DuPont NEN, Boston, MA). Membranes were baked at 80°C for 2 hr under vacuum and then prehybridized for at least 30 min at 63°C in 1 M NaCl, 1% SDS and 10% dextran sulfate. DNA probes were labeled with [c&*P]-dCTP (6000 Cilmmol, DuPont NEN, Boston, MA) by the random primer labeling method (Feinberg and Vogelstein, 1983 ) and purified on a Sephadex G-50 (Pharmacia, Piscataway, NJ) column. The labeling efficiency was more than 1.0 X 10' cpm/pg DNA. The Ll cDNA probe used was the 1280 bp EcoRI/SacI fragment. A 780 bp PstI/XbaI fragment of the cDNA coding for human glyceraldehyde 3-phosphate dehydrogenase (GPDH) (ATCC, Rockville, MD) was used as reference probe (Batistatou et al., 1992) . Levels of GPDH mRNA were unchanged over the same period in the presence or absence of NGE The two labeled probes were added together with denatured salmon testis DNA (100 pg/ml, Sigma, St. Louis, MO) to the prehybridization buffer. Hybridization of the radiolabeled probe (l-2 X lo6 dpm/ml) was performed for 20-24 hr under the same conditions as above. The hybridized membranes were washed twice in 2X SSC for 5 mitt at room temperature, twice in 2X SSC and 1% SDS for 30 min at 63"C, and then twice in 0.1 X SSC and 1% SDS for 30 min at room temperature. Membranes were exposed to X-ray film (Kodak X-OMAT AR) at -70°C with an intensifying screen. The Ll-and GPDH-specific bands in the autoradiographs were semiquantified by scanning using an imaging densitometer (Model-620, BioRad, Melville, NY). The values obtained for Ll mRNA were nonnalized by dividing by the values obtained for GPDH mRNA.
Western blotting analysis. Plasma membranes were isolated from PC12 cells by the method of Itoh et al. (1992) . Briefly, cultured PC12 cells were homogenized in 2.5 ml of homogenization buffer: phosphatebuffered saline containing 0.2 mM CaCl,, 0.2 mM MgCl,, 1.0 mM spermidine, 1.0 mu NaHCO,, 10 kg/ml soybean trypsin inhibitor, 10 pg/ml eggwhite trypsin inhibitor, 1.0 mu phenylmethyl sulfonyl fluoride, 0.5 mu iodoacetamide, 0.1 mrvr leupepsin and 40 U/ml aprotinin at pH 7.9. The homogenate was centrifuged for 20 min at 1200 X g at 4°C. The pellet was reextracted twice and the combined supernatants were centrifuged for 30 min at 30,000 X g at 4°C. This pellet was solubilized in 5 ml of solubilization buffer (25 mu Tris. 150 mu NaCl. DH 8.2) containing 0.1% deoxycholate and protease inhibitors as described above and centrifuged for 1 hr at 100,000 X g at 4°C. The final supernatant was used as a crude membrane fraction. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) analysis was performed on 6% polyacrylamide gels (Laemmli, 1970) . In order to examine Ll polypeptide levels in PC12 cells, proteins fractionated by SDS-PAGE were transferred to Immobilonm-P (Millipore, Bedford, MA) and processed for Western blot analysis with polyclonal Ll antibodv and biotinvlated anti-rabbit IaG antibodv using Vectastainm ABC reagent and diaminobenzidine as the peroxidase substrate for horseradish peroxidase-staining according to the manufacturer's instructions (Vector, Burlingame, CA).
Growth factors and other reagents. Growth factors and other factors were added to cultures at the time of plating and were replenished every 2-3 d. 2.5s NGF and FGF were ourchased from Collaborative Biomedical Products (Bedford, MA). TGFB and EGF were obtained from Genzyme (Cambridge, MA) and GIBCO/BRL (Grand Island, NY), respectively. All growth factors were diluted in PBS containing 100 (*g/ml BSA. Controls received vehicle only. A 2 mu stock solution of K252a (Calbiochem, La Jolla, CA) was prepared in dimethylsulfoxide and stored at -20°C in the dark. N, 2'-dibutyryladenosine 3 ', 5 '-cyclic monophosphate (dbcAMP) was obtained from Sigma (St. Louis, MO) and dissolved in culture medium immediately before use.
Statistical analysis. All data were represented as means 2 SD from at least three independent experiments. Statistical analyses of all data were performed by ANOVA.
Results

Nerve growth factor induces LI mRNA
To characterize the molecular mechanisms underlying the regulation of Ll expression, the kinetics of expression of Ll mRNA in PC12 cells following treatment with NGF were determined. PC12 cells were exposed to 50 rig/ml NGE and total cellular RNA was isolated O-7 d later. Northern blot analysis revealed that Ll mRNA specific activity increased fourfold during 7 d in culture (Figs, lA,B) . This change was gradual and peaked at 5 d of treatment. In untreated control cultures, no significant changes in Ll mRNA were observed. In these experiments, a single 6.0 kb Ll mRNA was detected, as reported previously (Tacke et al., 1987; Miura, et al., 1991) . Roughly equal amounts of RNA were found to have been loaded when each of the lanes was probed for GPDH ( Fig. 1B ; lower bands) and there was no obvious effect of NGF treatment on the GPDWtotal RNA ratio. To compare the time course of Ll mRNA induction by NGF with the well-known morphological differentiation of these cells caused by NGE the cultures were photographed before RNA harvest. NGF-induced neurites were readily visible after 1 d of treatment and were prominent after 5 d (Fig. 1 C) . Thus, the time course of NGF induced morphological differentiation paralleled that of Ll mRNA induction. Similar results were obtained when PC12 cells were cultured in serum-containing medium (data not shown). To confirm that Ll polypeptide levels also increased after treatment with NGE Western blot analysis was performed. The Ll polypeptide level had clearly increased 5 d after treatment with NGF (Fig. ID) . These results suggest that the NGFinduced increase in Ll occurs via increased transcription or stability of Ll mRNA.
To further examine whether the morphological changes induced by NGF correlate with Ll mRNA expression, varying concentrations of NGF were used to treat cell cultures. PC12 cells treated with 3 rig/ml NGF had neurites at least twice greater in length than that of the cell body at day 5 (Fig. 2) . The length and density of neurites of PC12 cells appeared to be greater following treatment with a high dose (100 rig/ml) of NGF than with lower doses of NGF (Fig. 2B ), while the Ll mRNA level induced by 100 rig/ml of NGF was not significantly higher than levels seen at 3 rig/ml. In summary, these experiments demonstrated that NGF induced Ll mRNA expression in PC 12 cells with a time course coincident with morphological differentiation, although the dose dependencies of morphological differentiation and of Ll mRNA induction appeared to differ slightly.
LI mRNA is specijically induced by NGF To determine whether the induction of Ll was specific to NGF, other growth factors and agents were examined for their ability to induce Ll mRNA levels. This question is of particular interest because agents such as FGF and dbcAMP have been shown to induce morphological differentiation of PC12 cells (Gunning et al., 1981; Rydel and Greene, 1987) . Treatment for 5 d with FGE EGE TGFP, or dbcAMP did not cause any significant change in Ll mRNA expression in PC12 cells (Fig. 3) , although FGF and dbcAMP promoted neurite outgrowth as effectively as NGF (data not shown). These results indicated that, although the neurite extension induced by FGF and dbcAMP was morphologically indistinguishable from that induced by NGE Ll mRNA was induced only by NGF treatment. Thus, Ll mRNA is specifically induced by NGF treatment and is not an obligatory consequence of morphological differentiation of the cells.
NGF regulation of Ll mRNA is not associated with gp140trk NGF selectively binds to and activates gp140rrk, a transmembrane protein tyrosine kinase (Chao, 1992) . To examine whether NGF effects on Ll expression are mediated via gp1401rk, we tested the effect of K252a, an inhibitor of the tyrosine kinase activity of gp140rrk (Berg et al., 1992) . K252a (200 nM) did not inhibit NGF induction of Ll mRNA (Table l) , although this concentration completely inhibited the extension of neurites by these PC12 cells (Fig. 4) . This result suggests that gp140rk may not mediate the effects of NGF on expression of Ll mRNA. To further test this idea, we determined the effect of NGF on Ll mRNA levels in PC12nnr5 cells, which specifically lack gp140frk. As shown in Figure 5 , Northern blot analysis of RNA isolated from PC12 and PC12nnrS cells after treatment with 0, 50, or 200 rig/ml NGE revealed that Ll mRNA was increased 1.9-fold in PC12nnr5 cells treated with 200 rig/ml, although this treatment did not induce neurite outgrowth in PC12nnrS cells. Together, these findings indicate that induction of Ll mRNA in PC12 cells by NGF does not require the high-affinity NGF receptor.
Levels of LI mRNA are increased by cell-cell contact To determine whether Ll mRNA expression is influenced by cell-cell contact, PC12 cells were plated at cell densities ranging from 0.5 to 4 X lo4 cells/cm2 and cultured for 5 d in the absence of NGE Within this range of cell densities, Ll mRNA levels did not increase in proportion to the increases in cell density in the absence of NGF (Fig. 6 ). In the presence of NGE however, PC12 cells grown at high cell density (4 X lo4 cells/cm2) expressed twofold higher levels of Ll mRNA than cells grown at low cell density (5 X lo1 cells/cm2) (Fig. 6) . Moreover, Ll mRNA levels in NGF-treated PC12 cells at high cell density were approximately eightfold greater than in untreated cells (Fig. 6 ). To test whether this effect resulted from cell-cell contact or accumulation of soluble factors, PC12 cells at low cell density were cultured in the presence or absence of medium that had been conditioned by cells growing at high cell density. As shown in Figure 7 , the conditioned medium did not enhance the effect of NGF on Ll mRNA in cells at low density. To examine further whether cell-cell contact modulates NGF-induction of Ll mRNA, we tested whether homophilic Ll to Ll binding could play a role in cell-cell contact-mediated regulation of Ll mRNA expression. PC12 cells maintained at low cell density (5 X lo3 cells/cm2) with or without NGF were treated with antibody to Ll to mimic homophilic Ll-Ll interaction (Schuch et al., 1989; Atashi et al., 1992; Itoh et al., 1992; von Bohlen und Halbach et al., 1992) . Treatment with antibody to Ll alone did not increase Ll mRNA above the basal level, but the combination of NGF and antibody to Ll significantly increased (40%) Ll mRNA levels above the level induced by NGF alone (data not shown). In contrast, treatment with antibodies to N-CAM had no effect on NGF induction of Ll mRNA. These observations suggest that homophilic Ll-Ll binding may be one of the mechanisms by which cell+ell contact influences the ability of NGF to increase Ll mRNA levels.
Cell-extracellular matrix contact does not regulate expression of Ll mRNA To assess whether cell-extracellular matrix contact could also influence Ll mRNA levels, PC12 cells were plated on different substrates (BSA, PL, COL, LN, and FN) in the presence or absence of NGF and Ll mRNA expression was assessed. In the absence of NGE no increase in Ll mRNA was observed when PC12 cells were cultured for 5 d on any of the extracellular matrix components. When cultured with NGE the increase in Ll mRNA (approximately threefold) was similar on all substrates (Fig. 8) . Furthermore, Ll mRNA levels also increased approximately three-to fourfold following exposure to NGF when PC12 cells were grown in suspension, to prevent cellsubstrate adhesion and neurite extension (data not shown). In conclusion, these results imply that, for the substrates tested, cell-substrate adhesion does not significantly influence the expression of Ll mRNA.
Discussion
In the present study, we have established that Ll mRNA levels in PC12 cells are specifically enhanced by NGF, leading to increased expression of Ll at the cell surface. Strikingly, our findings suggest that the effect of NGF on Ll expression is not mediated by the high-affinity NGF receptor, gp140rrfi. These NGF-induced changes in Ll expression were facilitated by cell to cell interactions, but were not affected by the interactions of PC 12 cells with several extracellular matrix components. The levels of Ll mRNA were determined by Northern blot analysis (see Materials and Methods). The values represent the means ?I SD of three or more determinations. "p < 0.01, None versus NGE * Not significant, NGF versus NGF + K252a.
NGF influences both the levels of protein and mRNA for several neuron-related proteins in PC12 cells including NCAM, Thy-l, and neurofilaments Prentice et al., 1987; Lindenbaum et al., 1988) . In contrast, recent studies suggest that mRNA levels for Ll do not change following exposure to NGF in PC12 cells, although Ll polypeptide levels increase (Sajovic et al., 1987; Prince et al., 1989; Miura et al., 1991) . We have reexamined this potential discrepancy by determining the kinetics of expression of Ll mRNA and polypeptide in the continual presence of NGF using Northern and Western blot analyses, respectively. The level of Ll mRNA increased slowly over the 5 d period of NGF treatment and by then the amount of Ll protein was sufficiently higher than in nontreated cells to be readily detectable in Western blotting. After 5 d treatment with NGE the level of Ll mRNA declined slightly; previous studies determined this level at 7 d, so that the difference between NGFtreated and untreated cultures was not as large as the maximal difference we saw. This lesser difference may have been difficult to detect without accurate internal controls for RNA loading, such as were performed in our study. The timing of the increase in Ll mRNA suggests that Ll, like NCAM (Prentice et al., 1987) , is a member of the class of late genes that are induced only after several hours to days of NGF treatment.
Several of the studies reported here bear on the mechanism by which NGF affects Ll expression. The high-affinity NGF receptor has recently been identified as gp140rrk (Kaplan et al., 1991a,b) . NGF binds directly to homodimer gp140rrk, activating its tyrosine kinase activity (Jiug et al., 1992) . gp140trk is phosphorylated in a dose-dependent manner in the range of 0.1-100 rig/ml NGE Increasitig the concentration of NGF effectively induces not only the phosphorylation of gp140rrk, but also neuronal differentiation of PC12 cells (Loeb et al., 1991; Hempstead et al., 1992) . Several of the results support the idea that NGF might affect morphological differentiation and Ll mRNA levels via distinct mechanisms. The observation that NGF increased Ll mRNA expression in suspension-cultured PC12 cells, which do not extend neurites, suggests that NGF does not affect Ll gene expression by the same mechanism that mediates its effects on morphological differentiation of PC12 cells, namely binding to gp140rrk. This suggestion was strongly supported by the finding that K252a, a specific inhibitor of gp140crk tyrosine kinase activity, which completely blocks NGF-induced neuronal differentiation (Koizumi et al., 1988; Berg et al., 1992) , has no effect on NGF induction of Ll mRNA. Most important, Ll mRNA was induced by NGF in PC12nnr5 cells, which lack gp140trk, although the dose of NGF required was higher in PC12nnr5 cells. Higher doses may have been required because the level of lowaffinity NGF receptor in these cells is only 20-25% that of the parental PC12 line (Green et al., 1986 ). An even more intriguing possibility relates to recent observations that the high-and lowaffinity NGF receptors interact (Hempstead et al., 1991; Verdi et al., 1994) . These observations raise the possibility that binding of NGF to a heterodimer of high-and low-affinity receptors triggers dual responses, one involving the gp140trk tyrosine kinase and one proceeding from the p75LNGFR low-affinity receptor. In this view, the absence of these interactions in PC12nnr5 cells would contribute to the requirement for a higher dose of NGE These findings are also consistent with the observation that Ll expression in Schwann cells is increased by NGF even though these cells express only the low-affinity NGF receptor, p7VGFR (Heumann et al., 1987; Seilheimer and Schachner, 1987; Johnson et al., 1988) . Taken together, these results strongly indicate that NGF induces Ll mRNA by a novel mechanism. By implication, it appears that the effect of NGF on Ll expression is mediated by the low-affinity NGF receptor (p75LNGFR), although we have no evidence that this is the case. The observation that NGF binding to ~7.5~""~ does not induce neurite outgrowth (Green et al., 1986; Loeb et al., 1991) is consistent with this suggestion, but GPDH - further studies will be necessary to obtain a more complete understanding of the mechanisms involved.
The present study also indicated that the NGF-induced increase in Ll mRNA in PC12 cells is modulated by cell-cell interactions. The primary evidence supporting this conclusion was the observation that NGF induction of Ll mRNA was cell density-dependent when PC12 cells were cultured at different densities in the presence of NGF (Fig. 6) . The cell density-dependence could be due to cell-cell contacts or to accumulation of autocrine factors. For example, an autocrine factor and serum factor appear to be responsible for the cell-density-dependent (right) or absence (lefi) of NGF (50 n&l). Ll mRNA levels (means ? SD from four independent experiments) were expressed as the ratio of intensity values of Ll and GPDH. expression of NCAM in N2a cells (Roubin et al., 1990) . In the present experiments, however, conditioned serum-containing medium did not enhance NGF stimulation of Ll mRNA levels, suggesting that density-dependent effects on NGF induction of Ll mRNA are not mediated by autocrine factors and serum, but by cellkell contact. Additional supporting evidence came from the observation that antibodies to Ll (presumed to mimic LlLl homophilic binding) enhanced the effect of NGF on PC1 2 cells cultured at low cell density. Previous studies have shown that homophilic interactions between Ll molecules trigger changes in intracellular calcium and phosphoinositides (Schuch et al., 1989; von Bohlen und Halbach et al., 1992; Itoh et al., 1992) , which could lead to alterations in Ll gene expression. Finally, in contrast to the effect of cell-cell contact on Ll mRNA expression, our measurements of Ll mRNA levels in PC12 cells cultured on substrata coated with different extracellular matrix components suggested that the effect of NGF on the increase in Ll mRNA expression is not dramatically influenced by cell-substrate interactions.
These findings have some implications for the roles of NGF and Ll during neuronal recovery after injury in the PNS. Ll is known to increase at cell contact sites between growth cones and fasciculating axons upon transecting or crushing the sciatic nerve (Martini and Schachner, 1988) . In addition, Ll expression in the PNS is regulated by NGF (Seilheimer and Schachner, 1987) . The present results suggest that NGF produced by nerve injuries could stimulate Ll expression via the low-affinity NGF receptor at nerve injury sites. This expression could be further enhanced by Ll interactions between cells of the PNS. These mechanisms may serve to promote the axonal reextension during regeneration.
In summary, the present studies show that NGF stimulates Ll mRNA accumulation in PC12 cells and that this induction is modulated by cell-cell contact, including Ll homophilic binding, but not by cell-substrate interaction. A particularly interesting issue raised in this study is the suggestion, from several lines of evidence, that the effect of NGF on Ll expression is not mediated by the high-affinity NGF receptor. By implication, the low-affinity NGF receptor, which has no known physiological function, may be involved. Testing this possibility may open new avenues for investigating the functions of NGF in neuronal differentiation and regeneration.
